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The ability to generate gaseous doubly charged cations of glycerophosphocholine (GPC) lipids
via electrospray ionization has made possible the evaluation of electron-transfer dissociation
(ETD) for their structural characterization. Doubly sodiated GPC cations have been reacted
with azobenzene radical anions in a linear ion trap mass spectrometer. The ion/ion reactions
proceed through sodium transfer, electron-transfer, and complex formation. Electron-transfer
reactions are shown to give rise to cleavage at each ester linkage with the subsequent loss of
a neutral quaternary nitrogen moiety. Electron-transfer without dissociation produces [M 
2Na]· radical cations, which undergo collision-induced dissociation (CID) to give products
that arise from bond cleavage of each fatty acid chain. The CID of the complex ions yields
products similar to those produced directly from the electron-transfer reactions of doubly
sodiated GPC, although with different relative abundances. These findings indicate that the
analysis of GPC lipids by ETD in conjunction with CID can provide some structural
information, such as the number of carbons, degree of unsaturation for each fatty acid
substituent, and the positions of the fatty acid substituents; some information about the
location of the double bonds may be present in low intensity CID product ions. (J Am Soc
Mass Spectrom 2007, 18, 1783–1788) © 2007 American Society for Mass SpectrometryWith the advent of electrospray ionization (ESI)[1, 2] and matrix-assisted laser desorptionionization (MALDI) [3, 4], the analysis of
lipids using tandem mass spectrometry (MS) has been
greatly facilitated since these techniques can generate
the intact gaseous pseudo-molecular ions for most
lipids ranging from simple fatty acids to complex lipids
[5–10]. Among the various complex lipids, glycerophos-
pholipids (GPLs) perform two important biological
functions: one is making up most of the membranes of
mammalian cells, and the other is acting as secondary
messengers in metabolism [11, 12]. The structural de-
termination (identities and positions of the fatty acid
substituents) of GPLs for all five subclasses has been
made via CID of negative ions formed by either ESI, fast
atom bombardment (FAB), or MALDI [5, 13, 14].
Among the five main subclasses of GPLs, which are
differentiated by the head-group (e.g., ethanolamine,
choline, serine, glycerol, or inositol), glycerophospho-
choline (GPC) species generally give stronger signals in
positive ion mode than in negative mode due to the
fixed charge on the quaternary nitrogen. The structural
information mentioned above can be obtained by CID
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doi:10.1016/j.jasms.2007.07.013of alkali adducts of GPC species generated in positive
ion ESI-MS [15]. Little or no information regarding the
location of the double bonds in GPCs has been reported
by these methods.
Both electron capture dissociation (ECD) [16–19] and
electron-transfer dissociation (ETD) [20–23] have been
shown to be particularly useful in the structural deter-
mination of proteins and peptides [24–27]. This is
mainly because more extensive sequence information
can often be obtained via ECD or ETD than via CID and
because, unlike CID, labile post-translational modifica-
tions are often retained, which is particularly valuable
in establishing their location in the sequence [21, 28].
Thus, it is of interest to explore the ETD and ECD
behavior of other ions derived from bio-molecules of
interest.
In this communication, we report results from ion/
ion electron-transfer reactions of doubly sodiated GPC
lipids. The major ETD channels show preferential cleav-
age at ester linkages. Thus, the carbon numbers and
degrees of unsaturation for each chain can be readily
determined. Electron-transfer without dissociation pro-
duces [M  2Na]· ions that fragment to give products
that arise from cleavage of the lipid backbone when
subjected to collision-induced dissociation (CID). In
addition, subsequent CID of the singly charged radical
cations formed during the electron-transfer reaction
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information regarding the positions of the double
bonds.
Experimental
Materials
Chloroform and methanol were purchased from
Mallinckrodt (Phillipsburg, NJ). Sodium salts and
azobenzene were obtained from Sigma-Aldrich (St.
Louis, MO). The 1-stearoyl-2-arachidonyl-sn-glycerol-
3-phosphocholine [(18:0/20:4)-GPC] and 1-stearoyl-2-
docosahexaenoyl-sn-glycerol-3-phosphocholine [(18:0/
22:6)-GPC] lipids were obtained from Avanti Polar
Lipids (Birmingham, AL) and used without further
purification. These GPC lipids were dissolved to 0.5
mg/mL in a 50/50 (vol/vol) methanol/chloroform
solution with 1 mM (final concentration) NaCl added
for generation of sodium adducts while 1% (vol/vol)
acetic acid was added for singly protonated GPC for-
mation by positive nano-ESI. It was noted that rela-
tively low interface voltage gradients tended to maxi-
mize observation of the doubly charged ions.
Mass Spectrometry
All experiments were performed using a prototype
version of a Q TRAP mass spectrometer [29] (Applied
Biosystems/MDS SCIEX, Concord, Ontario, Canada)
equipped with a home-made dual nano-ESI/APCI
source, which was described in detail elsewhere [30].
All the electronics were controlled by Daetalyst 3.14
software, a research version of software provided by
MDS SCIEX.
A typical scan function for an ion/ion electron-
transfer experiment consists of the following steps:
positive ion injection into Q2 LIT (100 ms), anion
injection into Q2 LIT (100 ms), mutual storage of cations
and anions in Q2 LIT (400 ms), and transfer of ion/ion
reaction product ions to mass analyzer Q3 (50 ms) for
mass analysis. For an ion/ion electron-transfer reaction
experiment, the positive high voltage power supply
connected to the nano-ESI wire was pulsed on to
generate analyte ions. Analyte ions were isolated by Q1
in rf/DCmode and injected axially into the Q2 LIT with
nitrogen as the buffer gas at a pressure of 5 mTorr.
These ions were cooled in Q2 for 30 ms, during which
time the high voltage on this emitter was turned off.
After the cooling step, the power supply connected to
the APCI wire, which was operated in the negative
polarity, was triggered on to generate the electron-
transfer reagent anions. These reagent anions were
isolated by Q1 in rf/DC mode before they entered Q2
LIT with relatively low kinetic energies (5 eV). During
this period, the DC potentials on the Q2 containment
lenses, as well as on the Q2 rods themselves, were
adjusted to a common value while an auxiliary rf
voltage was applied to IQ3 lens. In the subsequentmutual ion polarity storage step, the potential applied
to the APCI emitter was turned off and the auxiliary rf
signals were applied to both containment lenses (i.e.,
IQ2 and IQ3) to store ions axially. After a defined
period of mutual storage, the residual reagent ions were
ejected from Q2 by applying attractive DC potentials to
the Q2 containment lenses while the auxiliary rf signals
were terminated. Then the positively charged product
ions arising from ion/ion electron-transfer reactions, as
well as the residual precursor ions, were transferred
from Q2 to Q3, and cooled for 50 ms before they were
subjected to mass selective axial ejection (MSAE) [31]
using a supplementary rf signal at a frequency of 380
kHz. When CID experiments on the product ions re-
sulting from the ETD reactions were desired, the prod-
uct ions were isolated in Q3 first in rf/DC mode and
subsequently subjected to activation by applying an
appropriate auxiliary AC on one pair of the Q3 rods.
Results and Discussion
The ability to generate multiply charged positive ions of
GPCs is a necessary condition for employing ETD in the
analysis of GPCs. Figure 1a shows the nano-ESI spec-
trum of sodiated adducts of (18:0/20:4)-GPC. The rela-
tive abundances of doubly sodiated and singly sodiated
adducts are largely determined by the solution and
atmosphere/vacuum interface conditions. The ion/ion
reactions between isolated doubly sodiated adducts of
(18:0/20:4)-GPC and singly charged azobenzene radical
anions (shown in Figure 1b) give rise to the mass
spectrum of Figure 1c. The main reaction products can
be grouped into three classes: (1) sodium transfer from
the doubly sodiated (18:0/20:4)-GPC to the azobenzene
anion to form [M  Na]; (2) complex formation to give
[M 2Na azobenzene]·; and (3) electron-transfer from
the azobenzene anion to [M  2Na]2 to generate [M 
2Na]· (i.e., electron-transfer without dissociation) and [M
 2Na 267], [M 2Na 287], [M 2Na 15], and
[M  2Na  59] ETD products. The losses of 15 Th and
59 Th corresponds to loss of a methyl radical and trimeth-
ylamine, respectively, while the losses of 267 and 287 Th
correspond to losses of each of the respective hydrocarbon
chains in the form of a radical [RC  O·]. The former two
products are reflective of the head group while the latter
two products indicate that cleavage of the ester bonds is
the dominant ETD process for doubly sodiated GPCs.
From the masses of the latter two products, the carbon
number and degree of unsaturation for each chain can be
obtained.
Moreover, the relative abundances of ions reflecting
the losses of the fatty acid substituents from ETD of
doubly sodiated GPC species might indicate the posi-
tions of these substituents, although a much larger
dataset is required to draw conclusions regarding this
possibility. Comparison of the relative abundances of
the ions atm/z 568 ([M 2Na R2CO]
) andm/z 588
([M  2Na  R1C  O]
) in Figure 1c indicates that the
abundance of the ion resulting from the loss of the sn-2
s.
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loss of the sn-1 substituent. The same observation has
been made in the ETD results of doubly sodiated
(18:0/22:6)-GPC lipids (data not shown), although with
a difference in the relative abundances of the relevant
product ions. This possible tendency stands in contrast
to that from the CID of (18:0/20:4)-GPC lipids in the
form of [M  Li], [M  15]– or [M  acetate]–, which
generally show the preferential loss of the sn-1 acyl
group [10, 15, 32].
The fragmentation behavior of these ETD product
ions were further explored with MS3 experiments using
CID. The results of MS3 experiments on the m/z 568 and
588 ions produced in the reaction discussed above are
shown in Figure 2. Collisional activation in both cases
leads exclusively to a loss of 103 Th, which corresponds
to the neutral loss of [O(CH2)2N(CH3)3]. While this loss
provides information about the head group, no new
information about the fatty acid substituents is forth-
coming from this reaction. Although it would be desir-
able to perform MS4 to examine whether dissociation of
the CID product can provide further structural infor-
mation, the absolute signal of the ion in the MS3
spectrum is low, which compromises the practical util-
ity of such an experiment.
Figure 3a shows the MS3 data resulting from the CID
of the [M  Na] ions generated from ETD of the
doubly sodiated (18:0/20:4)-GPC. The major dissocia-
tion channels are the losses of the trimethylamine
head-group and the cholinephosphate group. Low
abundance peaks at m/z 489 and 469 correspond to the
loss of each fatty acid substituent in the form of [M 
100 300 500
0
25
50
75
100
[M+2Na]2+
1
2
+2Na
1+2Na
+2Na-CH33
0
50
100
R
el
at
iv
e 
A
bu
nd
an
ce
, %
[M+Na]+
[M+2Na]2+
100 300 500 700 900
)a(
pre-ion/ion
nano-ESI
positive mode
568
5
427.8
832.6
427.8
Figure 1. Mass spectra derived from (a) positiv
azobenzene, (c) ion/ion ETD reaction of isolated
charged azobenzene anions in Q2 LIT for 400 mRCOOH  59]. Due to the LMCO of m/z 200 used forthis in-trap ion activation, no ions below m/z 200 were
recorded. For comparison, the CID spectrum of [M 
Na] generated directly from solution-phase via nano-
ESI is also included here. The results are shown in
Figure 3b. The results are similar to the ions shown in
Figure 3a in terms of ion identity and relative abun-
dance. This result indicates that the singly sodiated
(18:0/20:4)-GPC species formed via electron-transfer
dissociation and directly via nano-ESI cannot be distin-
guished with ion-trap CID.
While CID of the major first generation ETD product
ions does not provide additional information regarding
the fatty acid chains, it is of interest to examine the
ion/ion reaction products that do not lead to fragmen-
tation. Figure 4a shows the CID product ion spectrum
of the complex ions formed in the reaction of doubly
sodiated (18:0/20:4)-GPC with the azobenzene anion.
The product ion masses mirror those in the ETD spec-
trum of (18:0/20:4)-GPC and also include products ions
atm/z 465 and 485, which are the sequential fragmentation
products of the ions at m/z 568 and 588, respectively (see
the MS3 data of Figure 2). Figure 4b shows the mass
spectrum resulting from the collisional activation of the
nondissociative electron-transfer product [M  2Na]·.
The CID product ion at m/z 549 likely results from
cleavage of the C–O bond  to the carbonyl carbon of
the ester linkage (see Figure 4b) of 18:0 fatty acid chain.
The CID product ion at m/z 530 probably results from
cleavage of the C–O bond  to the carbonyl carbon of
the ester linkage of 20:4 fatty acid chain with, perhaps,
a hydrogen transfer to the ion, but the mass is observed
at 1 Da unit higher that expected. Along with the acyl
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the ions of m/z 490 and 471, respectively. Product ion at
m/z 513 is tentatively assigned to [M 2Na R1COO
N(CH3)3] (R1  18:0 fatty acid chain). The loss of 80 Th
0
50
100
R
el
at
iv
e 
A
bu
nd
an
ce
, %
0
50
100
100 300 500
m
100 300 500
m
568.3
465.2
588.
485.2
-103
-103
(a)
(b)
428 → 568
428 → 588
Figure 2. (a) MS3 of m/z 568 [M  2Na 
Figure 3. (a) CID MS3 of m/z 833 generated fro
MS2 of m/z 833 generated from nano-ESI of (18:0/20:from CID of [M  2Na]· may arise from the loss of
HPO3, although it requires a rearrangement mechanism
during the CID process. The product ions shown in the
m/z range 200 to 470 include some consecutive mass
00 900 1100
00 900 1100
-103
-103
. (b) MS3 of m/z 588 [M  2Na  267].
D of doubly sodiated (18:0/20:4)-GPCs. (b) CID7
/z
7
/z
3m ET
4)-GPCs solution.
azob
1787J Am Soc Mass Spectrom 2007, 18, 1783–1788 ETD OF GLYCEROPHOSPHOCHOLINE LIPIDSdifferences of 14 Th and 40 Th. This leads to some
information about cleavage along the sn-2 fatty acid
chain (20:4). For example, Scheme 1 shows plausible
cleavages that give rise to product ions of the indicate
mass-to-charge ratios.
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carbon number and degree of unsaturation. The relative
abundances of the ions may also yield fatty acid posi-
tion but too little data are in hand to draw a firm
conclusion on this point. Electron-transfer without dis-
sociation produces [M  2Na]· ions, which fragment
upon collisional activation to give products that corre-
spond to bond cleavage of each fatty acid chain. The
CID of complex ions generates products that are similar
to those produced directly from the electron-transfer
reactions of doubly sodiated GPC cations, in terms of
ion identities, although with different relative abun-
dances. These findings indicate that the ETD of doubly
sodiated GPC lipids gives information similar to that
derived from CID of alkali adducts. CID of the singly
charged radical cations formed via electron-transfer
may be able to yield some degree of information about
double-bond positions but further work is warranted to
assess this potential. In any case, the signal levels
associated with the potentially informative ions are
relatively low, which affects the overall sensitivity of
the approach.
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